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Local polariton modes and resonant tunneling of electromagnetic waves through periodic
Bragg multiple quantum well structures
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We study analytically defect polariton states in Bragg multiple quantum well structures and defect-induced
changes in transmission and reflection spectra. Defect layers can differ from the host layers in three ways:
exciton-light coupling strength, exciton resonance frequency, and interwell spacing. We show that a single
defect leads to two local polariton modes in the photonic band gap. These modes cause peculiarities in
reflection and transmission spectra. Each type of defect can be reproduced experimentally, and we show that
each of these plays a distinct role in the optical properties of the system. For some defects, we predict a narrow
transmission window in the forbidden gap at the frequency set by parameters of the defect. We obtain analyti-
cal expressions for corresponding local frequencies as well as for reflection and transmission coefficients. We
show that the presence of the defects leads to resonant tunneling of the electromagnetic waves via local
polariton modes accompanied by resonant enhancement of the field inside the sample, even when a realistic
absorption is taken into account. On the basis of the results obtained, we make recommendations regarding the
experimental observation of the effects studied in readily available samples.
DOI: 10.1103/PhysRevB.64.075321 PACS number~s!: 78.67.De, 42.70.Qs, 71.36.1c, 42.25.Bs
I. INTRODUCTION
Optical properties of multiple quantum wells ~MQW!
have attracted a great deal of interest recently.1–8 Unlike
other types of superlattices, excitons in MQW are confined in
the planes of the respective wells, which are separated by
relatively thick barriers. Therefore, the only coupling be-
tween different wells is provided by the radiative optical
field. The coupling results in MQW polaritons—coherently
coupled quasistationary excitations of quantum well ~QW!
excitons and transverse electromagnetic field. The spectrum
of short MQW structures consists of a number of quasista-
tionary ~radiative! modes with finite lifetimes. This spectrum
is conveniently described in terms of super- or sub-radiant
modes.1,3,4 When the number of wells in the structure grows,
the lifetime of the former decreases, and the lifetime of the
latter increases. In longer MQW structures, however, this
approach becomes misleading, as discussed in Ref. 9, and a
more appropriate description is obtained in terms of station-
ary modes of an infinite periodic structure. The spectrum of
MQW polaritons in this case consists of two branches sepa-
rated by a gap with a width proportional to the exciton-light
coupling constant G .1,3 The length at which this description
becomes preferable usually depends upon a problem at hand.
For instance, even though the discrete structure of the subra-
diant modes of 100 long MQW in Refs. 5,8 could be re-
solved, the description of the gap region in terms of the
superradiant mode leads to an apparent contradiction with
the absence of significant luminescence in this region. If one
is interested in properties of the gap region, a ‘‘long system’’
usually means that it is longer than the penetration length of
radiation into the sample. The latter length depends upon the
frequency, therefore the system can be long enough for fre-
quencies close to the center of the gap, and still ‘‘short’’ for
frequencies in the vicinity of the band edges. Systems similar
to those studied in Ref. 8 can be considered sufficiently long
for 90% of the gap region when the number of wells be-
comes close to 200.
In a number of papers2,5,7,8 it was shown that the width of
the polariton band gap can be significantly increased by tun-
ing the interwell spacing a to the Bragg condition, a5l0/2,
where l0 is the wavelength of the light at the exciton fre-
quency V0. Under this condition, boundaries of two adjacent
gaps become degenerate, and one wider gap with the width
proportional to AGV0 is formed. Detuning of the lattice con-
stant from the exact Bragg condition removes the degeneracy
and gives rise to a conduction band in the center of the Bragg
gap.9 A well-pronounced Bragg polariton gap was observed
in recent experiments8 with InxGa12xAs/GaAs Bragg struc-
tures with the number of wells up to 100. These experiments
convincingly demonstrate that despite homogeneous and in-
homogeneous broadening, the coherent exciton-photon cou-
pling in long MQW is experimentally feasible. Polariton ef-
fects arising as a result of this coupling open up new
opportunities for manipulating optical properties of quantum
heterostructures.
One such opportunity is associated with introducing de-
fects in MQW structures. These defects can be either QW’s
of different compositions replacing one or several ‘‘host’’
wells, or locally altered spacing between elements of the
structure. It is well known in the physics of regular crystals
~see, for instance, Ref. 10! that local violations of otherwise
periodic structures can lead to the appearance of local modes
with frequencies within spectral gaps of host structures. This
idea was first applied to MQW in Ref. 11, where it was
shown that different defects can indeed give rise to local
exciton-polariton modes in infinite MQW. Unlike regular lo-
cal modes in 3-d periodic structures, these modes are local-
ized only in the growth direction of the MQW, while they
can propagate along the planes of the wells. Therefore, one
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should clearly distinguish these defect polariton modes from
well-known interface modes in layered systems or nonradia-
tive two-dimensional polariton modes in ideal MQW.12–14
The latter exist only with the in-plane wave-numbers k uu ex-
ceeding certain critical values, while the local mode in a
defect MQW structure exists at k uu50 and can be excited
even at normal incidence.
In this paper, we present results of detailed studies of
local polariton modes ~LPM’s! produced by four different
types of individual defects in Bragg MQW structures. The
peculiar structure of Bragg MQW’s results in a wider than
the usual polariton gap, which is actually formed by two
gaps with degenerate boundaries. This property has a pro-
found effect on the properties of local modes, leading, for
instance, to the emergence of two local states from a single
defect. The similar effects of doubling the number of local
modes was also predicted in the case of braggoritons—
excitations arising inside photonic band gaps of periodic
structures made of a dispersive material, if the resonance
frequency of the dielectric functions happens to belong to the
gap.15
We neglect in-plane disorder in individual QW’s, and as-
sume that apart from a deliberately introduced single defect,
the structure remains ideally periodic. We consider LPM’s
with zero in-plane wave vector only. Such modes can be
excited by light incident in the growth direction of the struc-
ture, and can result in the resonance transmission of light
with gap frequencies. This effect is studied both analytically
and numerically with the nonradiative decay taken into ac-
count phenomenologically. The rate of the nonradiative de-
cay may include contributions from homogeneous, as well as
from nonhomogeneous broadening; such an approach was
shown in Ref. 16 to give a good description of high quality
MQW structures. Equations describing the dynamics of the
light-exciton interaction in this situation are essentially
equivalent to a model of the one-dimensional chain of di-
poles used in the series of our previous works where LPM’s
in polar crystals were discussed.17–19 Similar equations also
appear in the theory of atomic optical lattices.20 The essential
difference between results presented in this paper and previ-
ous studies stems from the peculiarities of the Bragg arrange-
ment. Using Green’s function and transfer-matrix formal-
isms, we study both eigenfrequencies of LPM’s for different
types of defects and transmission properties of the defect
structures. Using parameters of the system studied experi-
mentally in Ref. 8, we predict which defects will produce the
most significant changes in transmission and reflection prop-
erties of realistic MQW structures.
II. DEFECT MODES IN BRAGG MQW
In order to describe optical properties of QW’s one has to
take into account the coupling between retarded electromag-
netic waves and excitons. This is usually done with the use
of the nonlocal susceptibility determined by energies and
wave functions of a QW exciton.1,14 The treatment of the
exciton subsystem can be significantly simplified if the inter-
well spacing is much larger than the size of a well itself. In
InxGa12xAs/GaAs MQW structures studied in Ref. 8, on
which we base our numerical examples, the width of the QW
layer amounts only to about 10% of the period of the struc-
ture. In this case, one can neglect the overlap of the exciton
wave functions from neighboring wells and assume that an
interaction between well excitons occurs only due to cou-
pling to the light. It is also important that the width of the
wells is also considerably smaller than the exciton’s Bohr
radius, and, therefore, one can neglect spatial extent of the
wells, and describe them with polarization density of the
form: P(r,z)5Pn(r)d(z2zn), where r is an in-plane posi-
tion vector, zn represents a coordinate of the nth well, and Pn
is a surface polarization density of the respective well. Opti-
cal response of the system even in the presence of inhomo-
geneous broadening is successfully described by the linear
dispersion theory ~see, for instance, Ref. 16! based upon a







where V0 and gnr are 1s exciton frequency and relaxation
parameter, respectively, d is a parameter describing the light-
exciton coupling. For our purposes, however, it is more con-
vienient to consider explicitly equations of exciton dynamics
coupled with Maxwell equations for the electromagnetic
field. In the case of waves propagating along the growth
direction of the structure, which is considered in the present
paper, only excitons with the zero in-plane wave number are
coupled to light, and the equations of motion can be pre-

















where Vn is the exciton frequency of the nth QW. The
strength of the exciton-photon coupling in Eq. ~2! is de-
scribed by the parameter Gn equal to the radiative decay rate
of a single nth well. This parameter is related to the param-
eter d of Eq. ~1! according to d25(cG)/(pw), where w char-
acterizes the spatial extent of exciton wave functions in the
growth direction ~we assumed it to be zero when we de-
scribed the exciton polarization by the d function!. In what
follows, we refer to Gn as to a coupling parameter. The rela-
tion of Gn to the radiative lifetime can be established, for
instance, if one uses Eqs. ~2! and ~3! to obtain the reflection










which in the resonance approximation @the last expression in
Eq. ~4!# coincides with the standard linear dispersion theory
expression used in Refs. 2, 8, and others.
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In an infinite pure system, all Gn5G0 , Vn5V0 , zn5na ,
where a5l0/2 is the Bragg’s interwell separation. Equation
~3! describes an electromagnetic wave of one of the degen-
erate transverse polarizations, propagating in the growth di-
rection of the structure. This equation coincides with equa-
tions used in Refs. 17–20 for one-dimensional chains of
atoms. The spectrum of ideal periodic MQW’s with a homo-
geneous broadening parameter gnr50 has been studied in
many papers.1,3,9,20–22 In the specific case of Bragg struc-
tures, the exciton resonance frequency V0 is at the center of
the band gap determined by the inequality v l,v,vu ,
where v l5V0(12A2G0 /pV0) and vu5V0(1
1A2G0 /pV0).9 In the formed band gap, the electromag-
netic waves decay with the penetration ~localization! length,
l loc
215a21 lnS cos~k0a !1 b2 sin~k0a !
2AF cos~k0a !1 b2 sin~k0a !G
2






Parameter b is proportional to the susceptibility of the well
in the absence of exciton relaxation Eq. ~1! and is the main
quantity used in our theory to characterize the optical re-
sponse of the single well. The homogeneous broadening can
be taken into account by adding 2ignrv in the denominator
of Eq. ~6!; we, however, neglect it until the last section of the
paper, where transmission and reflection spectra of defect
MQW structures are discussed.
As it was mentioned earlier, for structures that are longer
than the penetration length l loc for most of the band gap,
consideration based upon modes of the infinite periodic
structure is more appropriate. Using Eq. ~5! one can show
that in the case of 140 ~for GaAs/AlxGa12xAs) or 200 ~for
InxGa12xAs/GaAs) wells long, MQW’s of the type consid-
ered in Refs. 5,8, l loc.Na for 90% of the band gap of the
infinite structure characterized by the boundaries v l and vp .
This band gap is the frequency region where we look for new
local states associated with the defects. In this paper, we
consider four types of such defects. First of all, one can
replace an original QW with a QW with different exciton
frequency (V defect!. This can be experimentally achieved
by varying the composition of the semiconductor in the well.
Another possibility is to change the coupling constant (G
defect! at one of the wells. Even though an experimental
realization of this defect in its pure form is not straightfor-
ward, it is still methodologically important to consider such
an idealized situation in order to be able to estimate how
changes in G could effect optical properties of the systems
with real defects. The third possibility is to perturb an inter-
well spacing between two wells. Here we distinguish two
defects, which we call a and b defects. The former is realized
when the interwell spacing between a pair of wells is
changed @Fig. 1~a!#. It can be seen that this induces a shift in
the position of all wells that follow the defect, making it
significantly nonlocal. The b defect is produced when one
shifts just one well keeping positions of the rest unchanged
@Fig. 1~b!#. Experimental realizations of these two defects is
simple and can be done at the sample growth stage. In the
following section, we show that each of these types affects
the optical properties of the MQW lattice in remarkably dif-
ferent ways.
We start with V and G defects, which are similar in a
sense that they both introduce perturbations in the equation
of motion, Eq. ~2!, which are localized at one site ~the diag-
onal disorder!. Therefore, they can be studied by the usual
Green’s function technique like the one used to treat the lo-
calized phonon states in impure crystals ~see, for instance,
Ref. 10!. Using the polarization Green’s function defined in a
standard way by adding dn ,n0 to Eq. ~2!, we can express the
polarization of the nth QW in terms of the polarization of the
defect QW, Pn0 as
Pn5G~n2n0!Pn0.
@see details of the derivation, as well as an expression for
G(n2n0) in Ref. 18#. Allowing n5n0, and using expression
for the Green function from Ref. 18 one obtains the equation











where the function F
V
5(V122v2)/(V122V02) corresponds
to the V defect and the function F
G
5G0 /(G12G0) describes
the G defect; V1 and G1 denote respective parameters of the
defect layer. Equation ~7! is an exact consequence of Eqs. ~2!
and ~3!, and was first derived in Ref. 17 for the V defect. It
has been studied in that paper in the long-wave approxima-
FIG. 1. Two types of interwell spacing defects. The nonlocal a
defect ~a! as opposed to the local b defect ~b!. Solid bars represent
locations of QW’s in the defect lattice. The empty bars represent
what would have been a perfectly ordered MQW lattice.
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tion; it was found that the equation had one real valued so-
lution for any V1.V0. We find that in the case of the Bragg
structures, there are always two solutions for both types of
defects, one below V0 and one above. This is a manifestation
of the fact that the band gap consists of two gaps positioned
one right after the other. The above equations can be solved
approximately when G0!V0, which is the case for most
materials. For the V defect, one solution demonstrates a ra-






while the second solution splits off the upper or lower




2 ~vu2v l!S p2 V12V0V0 D
2
, ~9!
where one chooses vu and ‘‘2’’ for V1,V0, and v l and
‘‘1’’ in the opposite case. This is illustrated in Fig. 2~a!. It
can be seen that the shift of vde f
(1) from the defect exciton
frequency V1 is negative for V1.V0 and positive for V1
,V0. The magnitude of the shift is of the order of the cou-
pling constant G0, which is usually rather small, and this
fact, as it is shown in the next section, is crucial for the
optical properties of the defect. The second local mode vde f
(2)
lies very close to the edges of the band gap, and it would be,
therefore, very difficult to distinguish it from the modes
making up the allowed bands even for negligible dissipation.
In the case of the G defect, one again finds two solutions
of Eq. ~7!:
vde f
(1,2)5vu ,l62S G12G0V0 D
2
~vu2v l!. ~10!
which exist only for 0,G1,G0 and are very close to the gap
boundaries. The situation is similar to the second solution for
the V defect, and one can conclude, therefore, that the G
defect would not affect significantly the optical spectra of the
system.
The next defect we consider, the a defect, is shown in Fig.
1~a!. One can see that this defect differs from the other two
in a fundamental way. An increase in an interwell distance
between any two wells automatically changes the coordi-
nates of an infinite number of wells: zn5na for n<nd and
zn5(b2a)1na for nd,n , where b is the distance between
the nth and (n11)th wells. Therefore, this defect is nonlocal
and cannot be solved by the same methods as the two previ-
ous cases. The best approach to this situation is to consider
the system of a finite length L and match solutions for n
,nd and n.nd11 with a solution for na,z,na1(b
2a), which is schematically shown in Fig. 3. Eigen frequen-
cies can be derived then considering limit L→‘ . Solutions
for the finite system can be constructed using the transfer-
matrix approach. The state of the system at the mth well is





tˆ nv05Tˆ v0 . ~11!
The 232 transfer matrix tˆ n at the nth well is
tˆ n5S cos~k0an!1b sin~k0an! sin~k0an!2sin~k0an!1b cos~k0an! cos~k0an! D , ~12!
where an5xn112xn and b is defined by Eq. ~6!. The eigen
quasistates for a finite system, nP(1,N), can be found if one
looks for nontrivial solutions when no wave is incident upon
the system. This corresponds to the boundary conditions of
the form
v05S r2ir D and vN5S tit D .
A resulting dispersion equation for the eigenfrequencies can
be expressed in terms of the elements of the total transfer-
matrix Tˆ :
FIG. 2. Positions of the local modes in the band gap ~1.486–
1.496 eV! for the V defect ~a!, a defect ~b! and, b defect ~c! as
functions of the defect strengths. Numerical values of the exciton
resonant frequency and the exciton-light coupling constant were
taken the same as in InGaAs/GaAs structures studied in Ref. 8.
FIG. 3. Matching the solutions for half-infinite perfect MQW
with cavity modes c6 one can obtain the dispersion equation for
~quasi!local modes ~in finite systems! of such a system with the
defect.
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~T111T22!2i~T122T21!50. ~13!
It is clear that for finite samples the solutions of this equation
are complex, reflecting the fact that the modes are not sta-
tionary; they have lifetimes that tend to infinity only in the
limit N→‘ .
Equation ~13! for the a defect in the infinite MQW sys-
tem, after some cumbersome but straightforward algebra, can





where l25@cot(k0a)1b/22AD#sin(k0a) is one of the eigen-
values of the transfer matrix, Eq. ~12!, and D5211b2/4
1b cot(k0a). This equation, as well as in the cases of G and
V defects, has two solutions—above and below V0. These























where j5b/a , and @ . . . # denotes an integer part. Therefore,
for G0!V0 and not very large j , j!(V0/G0)1/2.102, and
both solutions are almost periodic functions of b/a with the
period of 1, as shown in Fig. 2~b!. These solutions oscillate
between respective boundaries of the gap (vu or v l) and the
exciton frequency V0. At the integer values of j , one of the
frequencies vde f
(1) or vde f
(2) becomes equal to V0, and the other
reaches vu or v l depending upon the parity of j . When j
crosses an integer value, the solution passing through V0
changes continuously, while the second one experiences a
jump toward the opposite gap boundary. The observable
manifestations of the defect modes ~for instance, transmis-
sion resonances as described in the next section of this paper!
vanish when the defect frequencies approach the gap bound-
aries. This jump, therefore, would manifest itself as a disap-
pearance of the transmission peak near one of the gap bound-
aries, and a gradual reappearance at the opposite edge as j
changes through an integer value. It is interesting to note
again that the exciton resonance frequency V0, which for-
mally lies at the center of the gap, behaves as one of the gap
boundaries. This is another manifestation of the fact that the
polariton gap in the Bragg structures is formed by two adja-
cent gaps with a degenerate boundary at V0.
Calculations of the defect frequencies for the b defect can
be done in the framework of both schemes. The transfer-
matrix approach, however, turns out to be less cumbersome.




2@k0~b2a !#F211 b2AD 1 cot~k0a !2AD G1cos2~k0a !
1sin2~k0a !S b2 2AD D
2
1sin~2k0a !S b2 2AD D50.
~17!
This equation can be solved approximately assuming that the
splitting of the solution from the Bragg frequency V0 is
much smaller than the width of the gap. Expanding different
terms of Eq. ~17! in terms of powers of (v2V0) and keep-
ing the lowest nonzero contribution, one obtains two differ-





usin p~j21 !uG . ~18!
The relative splitting of these modes from V0 is of the order
of (G0 /V0)3/4, and is much smaller than the relative width of
the gap, which is proportional to (G0 /V0)1/2 in accord with
our initial assumption. Similar to the case of the a defect,
these frequencies change periodically with j , but unlike the
previous case, they both split off the center of the gap V0
and at integer values of j merge back to V0. The maximum
deviations of the local frequencies from V0 are of the order
of (G/V0)3/4, they take place for half-integer values of j .
One can notice that the b defect involves two adjacent
wells, and in the Green’s function approach, one would have
to deal with a system of two coupled equations. Accordingly,
it can be expected that there must be four possible local
frequencies ~two in each half of the gap!, while we found
only two of them. The reason for this is that the Bragg con-
dition makes a pair of frequencies, which are both above or
below V0, nearly degenerate, and the difference between
them is much smaller than the terms we kept in our approxi-
mate solution. This can be understood if one notices that the
transfer matrices in Eq. ~12! contain factors cos(kb), sin(kb),
and cos@k(2a2b)#, sin@k(2a2b)# for the first and the second
of the involved wells, respectively. Exactly at the Bragg fre-
quency ka5p these factors coincide leading to the degen-
eracy. Since the shift of the actual local frequency from the
Bragg frequency is relatively small, the solutions remain
nearly degenerate. The fact that obtained solutions are sym-
metrical with respect to the replacement of b with 2a2b is
not surprising and reflects the symmetry of the transfer ma-
trices discussed above.
III. DEFECT LPM’S AND TRANSMITTANCE
AND REFLECTANCE EXPERIMENTS
In this section, we study how the local defect modes ob-
tained above affect the reflection and transmission spectra of
the finite-size periodic Bragg MQW’s in the presence of ho-
mogeneous broadening. Transmission and reflection coeffi-
cients can be expressed in terms of the elements of the total
transfer matrix defined by Eq. ~11! as








Without absorption, T and R in the form of Eqs. ~19! and
~20! can be shown to add up to unity. In the denominators of
T and R one can recognize the dispersion relation Eq. ~13!
that was obtained in the previous section by matching the
decaying solutions on both sides of the defect.
G and V defects differ from the original QW’s only in the
definition of the parameter b , therefore, they both can be
dealt with at the same time. The exact expression for T is
cumbersome, however, if the length of the system is longer
than the penetration length over the frequency region of in-
terest, it can be simplified. In this case, the smaller eigen-
value of the total transfer matrix is proportional to
exp@2Na/lloc(v)#, where l loc is given by Eq. ~5!, and can be
neglected. The expression for the transmission coefficient
then can be presented as17
t5
t0
~11«!1i exp~2ik0Na !«Ft0 cosh@~N22n011 !ka#
,
~21!
where we introduce the defect parameter «5(bde f
2b)/2AD , which is equal to zero when bde f5b; n0 is the
position of the defect QW, k51/l loc(v), and F
5b/@sin(k0a)AD# . For «50, Eq. ~21! gives the transmission





exhibiting an exponential decay characteristic of the evanes-
cent modes from a band gap.
Equation ~21! describes the resonance tunneling of the
electromagnetic waves through MQW with the defect. The
equation
11«50
can be shown to coincide with the dispersion equations for
local defect modes of the infinite structure in the case of V
and G defects. Given this fact and the structure of Eq. ~21!, it
seems natural to assume, as we did in our previous papers,17
that the transmission reaches its maximum value at the fre-
quencies of the local modes. More careful consideration
showed, however, that the systems under consideration be-
have in a less trivial way, and that maxima of the transmis-
sion occur at frequencies shifted from the frequency of the
local modes. This is quite unusual behavior that distinguishes
the systems under consideration from other instances of reso-
nance tunneling. Moreover, we shall show that contrary to
our previous result,17 the transmission at the maximum is
always equal to unity ~in the absence of absorption!.
Evaluation of the exact analytical expression for the trans-
mission coefficient Eq. ~19!, obtained from the total transfer
matrix, showed that the distinctive resonance transmission
occurs only if local modes lie not too close to the boundaries
or the center ~which is, strictly speaking, also a degenerate
boundary! of the gap. G defects, therefore, can be excluded
from consideration, as well as one of the solutions for the V
defect. For frequencies close to the remaining local mode
@the solution for the V defect given by Eq. ~8!# the expres-
sion for the transmission coefficient Eq. ~21! can be simpli-








Parameters A1 , A2, and vr are defined by
A15
~v12vde f !2~vde f2v2!2
4~vde f2V0!2~vde f2v l!~vu2vde f !
, ~24!
A25
~vde f2V0!A~vde f2v l!~vu2vde f !
~v12vde f !~vde f2v2!
3tanh@~N22n011 !ka# , ~25!
vr5vde f1p




A~vde f2v l!~vu2vde f !
e2kNa, ~26!
where v65V06(vu2V0)/A2. The resonance transmission
occurs when the defect layer is located in the center of the
system N22n01150. In this case, the coefficient A2 be-
comes zero and Eq. ~23! can be presented in the following
form











where Q5vr2V1, and the parameter gV is given by
gV5pV0S vde f2V0V0 D
2
e2kNa. ~28!
The transmission spectrum described by Eq. ~27! has a shape
known as a Fano resonance.23 At vT5vr14gV
2 /Q the reso-
nance frequency, at which the transmission turns to unity,
and parameters gV and Q describe the width and the asym-
metry of the resonance respectively. One can see from Eq.
~26! that in general the transmission resonance frequency is
shifted with respect to the frequency of the local mode. The
shift, though exponentially small for long systems consid-
ered here, is of the same order of magnitude as the width of
the resonance gV , and is, therefore, significant. These two
frequencies, vr and vde f , coincide in the special case when
vde f5v6 . The fact that the transmission is equal to one, in
this particular case, was obtained in our previous paper ~Ref.
17!.
At v5vr2Q5V1 the transmission equals zero, which is
a signature of Fano resonances. Usually the presence of Fano
resonances is associated with interaction between a discrete
level and a continuum of states. This is not the case in the
situation under consideration. Zero of the transmission in our
case is caused by the fact that the V defect brings to the
dielectric function of the system a new pole at V1, which
describes the interaction between electromagnetic waves and
excitons of the defect well. The penetration length diverges
at V1, and transmission, therefore, vanishes. The interaction
with excitons, at the same time, leads to the radiative shift of
the frequency of the local mode, and hence, the frequency of
the transmission resonance, away from V1. The combination
of these two factors is responsible for the Fano-like shape of
the transmission resonance. The actual form of the Fano
spectrum in an ideal system without absorption is determined
by the interplay between the width parameter gV and the
asymmetry parameter Q. The former exponentially decreases
with an increase of the length of the system, while the latter
is length independent. However, the pre-exponential factor in
gV is of the order of the exciton resonance frequency V0,
while Q is of the order of G , i.e., significantly smaller. There-
fore, in principle, there are two possible cases: gV@Q for
shorter systems @1!kNa!log(V0 /Q)#, and gV!Q for
longer systems. In the first case, the transmission spectrum
has a distinctively Fano-like asymmetrical shape, while in
the second limit the spectrum attains the symmetrical Lorent-
zian shape characteristic for Wigner-Breit24 resonances. Fig-
ure 4 shows the evolution of the shape of the transmission
resonance in the absence of absorption from Fano-like to
Wigner-Breit-like behavior with an increase of the length of
the system. One can also see from this figure how the posi-
tion of the transmission maximum moves with an increase of
the length. An actual possibility to observe the Fano reso-
nance in the considered situation depends strongly upon the
strength of absorption in the system, which must be at least
smaller than Q. A more detailed discussion of absorption-
related effects is given below in the present section.
Calculation of the transmission coefficient for the a defect
can be carried out in a similar manner. Dropping the expo-
nentially small contribution from the smaller eigenvalue the
transmission matrix can be written in the following form:
t5
t0












Similar to the previous defects, 11«a50 coincides with the
dispersion equation for an infinite system, but the transmis-
sion resonance is shifted with respect to the local mode. In
the vicinity of the resonance, Eq. ~29! can be presented as:
T5
1
11A1Uv2vT cosh@~N22n0!ka#~11iA2!vde f2vT U
2 , ~30!
where parameters A1 and A2 are again given by Eqs. ~24!
and ~25!, respectively. One only needs to replace N22n0
FIG. 4. The shape of the transmission maximum for three
lengths N5101,201,301. For all lengths, the V defect is in the
center of the system. V151.492 491 eV is the exciton frequency
of the defect layer. The exciton resonant frequency V0 is 1.491 eV,
the exciton-light coupling constant G0 is 27 meV as in the InGaAs/
GaAs structures studied in Ref. 8, however, no homogeneous broad-
ening is assumed.
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11 in Eq. ~25! with N22n0, which reflects the new symme-
try of the system. The frequencies of local modes vde f are
now given by Eqs. ~15! and ~16!, and vT is defined by
vT5vde f12~vde f2V0!
3




The resonance transmission again occurs when N22n050,
which requires an even number of wells in the system. Equa-








with the half-width ga given now by
ga52





The frequency vT , where the transmission coefficient takes
the maximum value of unity, is again shifted from the fre-
quency of the defect mode. The two frequencies coincide,
however, when the defect frequency is made equal to v6 .
As one can see from Eq. ~15!, these conditions can be satis-
fied simultaneously for both defect frequencies of the a de-
fect when b.(integer11/2)a @see Fig. 2~b!#. In this case,
the position of the transmission resonance becomes indepen-
dent of the length of the system.
Finally, the b defect gives an expression for the transmis-
sion coefficient very similar to Eq. ~21! with the only dis-
tinction that e has to be replaced by a different expression,
which is too cumbersome to be displayed here. The maxi-
mum transmission for a given defect is again achieved when
the defect is in the center of the system (N is odd!. Expand-
ing the transmission coefficient near the frequency of the





4 S vu2V0vde f2V0D
2U v2vTvde f2vT 1isinh@~N22n011 !ka#U
2 , ~34!
with vT now given by
vT5vde f22~vde f2V0!e2kNa. ~35!
Unlike other types of defects, in this case, the transmission
resonance is always different from vde f . When the defect is
at the resonance position N22n01150, the transmission
spectrum again takes the Wigner-Breit shape with the reso-






In real systems, enhancement of the transmission coeffi-
cient is usually limited by homogeneous broadening of exci-
ton resonances. Two cases are possible when exciton damp-
ing is taken into account. It can suppress the resonance
transmission, and the presence of the local states can only be
observed in not very long systems as a small enhancement of
absorption at the local frequency. This can be called a weak-
coupling regime for LPM, when incident radiation is reso-
nantly absorbed by local exciton states. The opposite case,
when the resonance transmission persists in the presence of
damping, can be called a strong-coupling regime. In this
case, there is a coherent coupling between the exciton and
the electromagnetic field, so that the local states can be suit-
ably called local polaritons. Qualitatively, we can assess the
effect of absorption on resonances caused by different de-
fects by looking at the widths of the respective spectra. For
all types of defects, the width of respective resonances expo-
nentially decreases with the length of the system, conse-
quently, in sufficiently long systems all resonances dissap-
pear. However, pre-exponential factors make different
defects behave differently at intermediate distances. A simple
qualitative estimate would require that the width of the reso-
nances be smaller than the exciton relaxation parameter.
Therefore, the resonances, where the pre-exponential factor
of the width is considerably larger than the relaxation param-
eter, can be observed in the systems of intermediate length.
On the one hand, the length must be greater than the local-
ization length of the respective local mode. On the other
hand, it must be small enough for the width of the resonance
to remain larger than the exciton relaxation parameter. The
Fano resonance arising in the case of the V defect though,
requires special consideration since its vitality is determined
by the asymmetry parameter Q rather than by the width pa-
rameter gV . Although the latter is determined by the large
pre-exponent ~of the order of the exciton resonance fre-
quency V0!, the former is of the order of the light-exciton
coupling constant G0, which is much smaller. The Fano reso-
nance will likely be washed out as soon as the relaxation rate
exceeds this asymmetry parameter Q. This circumstance will
prevent observation of the Fano resonance due to V defect in
InxGa12xAs/GaAs MQW’s, experimentally studied in Ref. 8
which is, to the best of our knowledge, the only system,
where radiative coupling was observed for systems as long
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as 100 wells. In this system, the exciton resonance frequency
V0 and the exciton-light coupling parameter G0 were, re-
spectively, equal to V051.491 eV, and G0527 meV, while
the exciton relaxation parameter was estimated as gnr
5280 meV.8 This parameter, however, includes both homo-
geneous and nonhomogeneous contributions. Experiments
carried out in Ref. 5 with Bragg GaAs/AlxGa12xAs MQW
system provide information about the magnitude of pure ho-
mogeneous broadening in this system. According to Ref. 5
radiative and nonradiative rates in GaAs/Al0.3Ga0.7As system
consisting of 10 wells are equal, respectively, to G0
567 meV and gnr512.6 meV. One can see that if the inho-
mogeneous broadening could be reduced, the conditions for
observation of the Fano resonance would be significantly
improved.
The pre-exponent of the resonance width in the case of
the a defect is of the order of magnitude of the gap width,
which is proportional to AG0V0. It is considerably larger
than gnr for the InxGa12xAs/GaAs MQW’s and we expect,
therefore, that it can be easily observed in readily available
samples of this composition. As far as the b defect is con-
cerned, it gives rise to extremely narrow transmission peaks,
which are characterized by a pre-exponential factor of the
order of G0. It, therefore, will be washed out in
InxGa12xAs/GaAs MQW’s, but can be reproduced in 60–80
wells long systems with the parameters similar to
GaAs/AlxGa12xAs MQW’s studied in Ref. 5 if inhomoge-
neous broadening could be significantly reduced.
We compliment the qualitative arguments presented above
with numerical evaluation of exact expressions for the trans-
mission, and reflection coefficients, Eqs. ~19! and ~20!, using
parameters of the mentioned InxGa12xAs/GaAs systems. In
order to illustrate what kind of effects could be observed in
samples with reduced inhomogeneous broadening, we also
present results obtained with parameters of
GaAs/AlxGa12xAs systems with only homogeneous relax-
ation included. To account for nonradiative decay quantita-







Figure 5 shows transmission and reflection coefficients of the
Bragg MQW lattice made of 201 quantum wells with the V
defect in the center with parameters corresponding to the
InxGa12xAs/GaAs system. One can see that absorption
washes out the strong asymmetric pattern of the Fano reso-
nance, but some remains of the resonance are still quite
prominent, and can probably be observed in high-quality
samples. Figure 6 represents the spectra of a 101 well long
system with parameters corresponding to GaAs/AlxGa12xAs,
but without contribution from inhomogeneous broadening.
One can see a characteristic asymmetric profile of the Fano
resonance both in transmission and reflection. There is also a
remarkably strong and narrow absorption line at the reso-
nance frequency with more than eightfold growth of absorp-
tion at the resonance. This behavior should be contrasted
with the previous figure, where absorption spectrum is rather
flat with only insignificant increase at the resonance fre-
quency. In the case of the b defect, strong exciton absorption
characteristic for the InxGa12xAs/GaAs structures washes
out any resonance features from the spectrum. The reso-
nances, however, survive if only homogeneous broadening is
included. In this case, one would have very narrow symmet-
ric transmission, reflection and absorption lines ~Fig. 7! lo-
cated rather close to the center of the gap. It is interesting to
compare resonance behavior of the b defect and the V defect
in the regime of strong coupling. The latter results in absorp-
tion that, though increased sharply at the resonance, is still
rather weak, at the same time, the transmission reaches in
this case almost 80%. In the former case, however, the trans-
mission does not grow that dramatically ~up to about 0.4!,
but absorption increases by two orders of magnitude. The
difference is caused by the different shapes of the reso-
nances: the Fano resonance is considerably wider and, there-
fore, results in less dramatic increase in the maximum
absorption.
Figure 8 shows the transmission and reflection of the
Bragg MQW lattice of 200 quantum wells with the a defect
with j5b/a51.5 and parameters of the InxGa12xAs/GaAs
system. This is the only defect for which the strong-coupling
regime can be realized for this material. But since this is the
only system, for which the samples with large number of
wells were experimentally grown, we shall discuss the re-
lated results in more details. For the a defect with the
FIG. 5. Transmission, reflection, and absorption coefficients for
the V-type defect. The defect is placed in the center of the MQW
with 201 quantum wells. The exciton frequency of the defect well
V1 is chosen such that (V12V0)/V051.003. Numerical values of
the exciton resonant frequency and the exciton-light coupling con-
stant were taken for InGaAs/GaAs structures studied in Ref. 8.
Solid lines show results obtained in the absence of absorption, and
dashed lines were calculated in the presence of experimentally
observed8 homogeneous broadening.
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strength j51.5, one has two symmetric with respect to the
center resonances. The peaks are very pronounced in the
tranmission, and the contrast in reflection is very large—
about 30%, and can be made even larger if one increases the
length of the system. The spectra shown in Fig. 8 can, how-
ever, be affected by the presence of the additional resonance
due to 2s excitons. In Ref. 8 it was shown that this resonance
causes asymmetry of the reflection spectrum. We expect that
it could have the similar effect upon spectra presented in Fig.
8 causing an asymmetry between low- and high-frequency
portions of the spectra. Even if 2s excitons contribute addi-
tional resonances to the spectra, they would be rather weak,8
and could be clearly distinguished from the effects consid-
ered in the present paper. As an additional identification tool,
one can use the dependence of the defect induced features
upon the defect parameter b/a , while a contribution from the
2s exciton resonance would not be affected by changes in
this parameter. Besides, changing the parameters of the de-
fect, one can move the transmission resonances closer to the
center of the gap and farther away from the 2s exciton reso-
nance. We can conclude, therefore, that the strong coupling
between local excitons and local photons can be experimen-
tally realized in readily available samples of
InxGa12xAs/GaAs MQW’s. If, however, one could reduce
disorder in the samples, the optical resonances due to a de-
fect would be even more pronounced with more dramatic
increase in transmission and absorption at the resonance fre-
quencies.
It is interesting to note that the effects of local modes on
the resulting absorption of the incident wave is very weak in
the case of weak coupling. Even though there is some small
enhancement of absorption at the resonance frequencies, it is
much weaker than absorption peaks when strong coupling is
realized. In other words, local polaritons in the regime of
strong coupling demonstrate resonance behavior in both
transmission and absorption at the same time, while in the
weak-coupling regime there is only a small effect of the local
states upon all optical spectra of the system. The explanation
for this behavior lies in the spatial distribution of the elec-
tromagnetic wave intensity throughout the system. In the ab-
sence of absorption, the electric field at the resonance fre-
quency decays exponentially away from the defect layer, i.e.,
there occurs a strong exponential enhancement of the inci-
dent field at the defect layer.18,25 We used a self-embedding
technique, adopted for the discrete systems in Ref. 18, to
calculate numerically the electromagnetic field inside a
MQW structure. In the absence of absorption, we observed
the exponential increase of the field compared to the ampli-
tude of the incident electromagnetic wave Ein
uEmaxu5uEinue (N/2)ka. ~37!
Nonradiative broadening suppresses not only the resonance
transmission but also the exponential enhancement of the
electric field. If the strong coupling regime is not realized,
the intensity of the wave decreases exponentially throughout
the sample almost as it would in the absence of the defect,
and is just slightly larger at the resonance frequency than off
FIG. 6. Transmission, reflection, and absorption coefficients for
the V-type defect. The defect is placed in the center of the MQW
with 101 quantum wells. The exciton frequency of the defect well
V1 is chosen such that (V12V0)/V051.003. Numerical values of
the exciton resonant frequency and the exciton-light coupling con-
stant were taken for GaAs/AlGaAs structures studied in Ref. 5. All
results were obtained in the presence of experimentally observed5
homogeneous broadening.
FIG. 7. Transmission, reflection, and absorption coefficients for
the b-type defect. The defect is placed in the center of the MQW
with 101 quantum wells. The defect strength is j5b/a51.5. Nu-
merical values of the exciton resonant frequency and the exciton-
light coupling constant were taken for GaAs/AlGaAs structures
studied in Ref. 5. All results were obtained in the presence of ex-
perimentally observed5 homogeneous broadening.
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resonance. Therefore, the peaks in absorption in these cases
are also only minute. At the same time, Fig. 9 shows that
even in the presence of absorption the a defect in the
InxGa12xAs/GaAs MQW’s, which remains in the regime of
strong coupling, demonstrates more than a three-fold en-
hancement of uEu2 at the location of the defect for the system
of an optimal length. Figure 10~a! shows the evolution of the
electric field at frequency vT at the location of the defect as
the size of the system grows ~for systems with different
sizes, the defect is always located in the center of the struc-
ture!. One can see that the exponential growth of the field in
the absence of absorption ~solid curve! changes to a non-
monotonic behavior when absorption is included ~dashed
line!. For the particular system under consideration, the field
reaches its maximum at about Nm5450, where we see the
crossover from the resonant enhancement regime (N,Nm)
to the exponential decay (N.Nm). Enhancement of the field
at the defect explains both transmission and absorption reso-
nances.
In the absence of the inhomogeneous broadening, much
stronger enhancement of the field at the resonance for three
types of defects takes place @Fig. 10~b!#. We see that for N
5100, the intensity of the electric field at the location of the
b defect is enhanced by the factor of 50. It correlates with the
strong increase of absorption in this case. The difference in
absorption between b and V defects also signals about the
difference in the field distribution. The fact that the V defect
leads to the vanishing transmission at the frequency V1
translates, as computer simulations show, into the vanishing
electric field everywhere behind the defect at this frequency
—the defect acts as an almost perfect reflector. The growth
of the intensity of the field at spectrally close frequency V0
is also limited to only 1.5 of the incident intensity, which is
much smaller than in the case of the b defect. The strong
enhancement of the field at the location of the b defect has
simple physical explanation. The frequency of the local
states due to the b defect lies close to the exciton frequency
that is tuned such that l/25a . This means that at the fre-
quency of the local mode, all QW’s but one @the defect one,
see also Fig. 1~b!# lie in the nodes of the electromagnetic
wave.2 Therefore, one could expect stronger than usual
growth of the electric field at the defect. From this consider-
ation, one should expect the maximum effect to occur when
the defect QW is placed in an antinode, where the electric
field is the largest. We already encountered this condition,
when we studied the transmittance in the presence of this
type of defect—the most favorable value of the defect
strength was b/a50.5 or b/a51.5. This peculiar spatial dis-
tribution of the electric field explains the narrow transmis-
sion peak and strong enhancement of the electric field on the
defect. This fact has great potential for applications if this
type of the defect is realized experimentally.
IV. CONCLUSION
The main objective of the present paper was to demon-
strate that introducing ‘‘defects’’ in periodic Bragg MQW
FIG. 8. Transmission, reflection, and absorption coefficients for
the a-type defect. The defect is placed in the center of the MQW
with 200 quantum wells. The defect strength is j5b/a51.5. Nu-
merical values of the exciton resonant frequency and the exciton-
light coupling constant were taken for InGaAs/GaAs structures
studied in Ref. 8. Solid lines show results obtained in the absence of
absorption, and dashed lines were calculated in the presence of
experimentally observed8 homogeneous broadening.
FIG. 9. The distribution of the electric field at the frequency vT
in the system with the a-defect placed exactly in the middle without
~a! and with ~b! experimentally observed8 homogenous broadening.
The defect strength is j5b/a51.5. Numerical values of the exciton
resonant frequency and the exciton-light coupling constant were
taken for InGaAs/GaAs structures studied in Ref. 8. Four curves
correspond to different sizes of the system: 100, 200, 400, and 1000
QW’s.
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systems, one can obtain new opportunities to tailor optical
properties of quantum heterostructures. By ‘‘defects’’ we
mean wells or barriers with properties different from those of
the host structure. We consider four different types of defects
and show that each of them affects the optical spectra of the
structure differently. Using available from literature param-
eters of InxGa12xAs/GaAs8 MQW’s we generate the reflec-
tion and transmission spectra for this readily available struc-
ture and show that they are significantly modified in the
presence of the defect layers. We also computed optical spec-
tra for a hypothetical system without inhomogeneous broad-
ening. Other parameters such as the rate of homogeneous
decay, and exciton-photon coupling corresponded to real
GaAs/AlxGa12xAs MQW’s studied in Ref. 5. We showed
that inhomogeneous broadening is the main limiting factor in
producing strong modifications of optical spectra of defect
MQW’s.
Among the four types of defect considered in the paper,
three are of special interest. First, the V-defect, arises when
one of the QW’s is replaced by a well with a different exci-
ton resonance frequency V1. In this case, two new local
modes arise within the band gap of the original structure, but
only one of them, which manifests radiative shift from V1,
can significantly affect optical spectra of the system. We
found that the resonance transmission of radiation due to the
local state results in strongly asymmetric Fano-like transmis-
sion spectrum. This transmission resonance turned out to be
very sensitive to the presence of nonradiative broadening, it
can only survive if the total broadening ~including both ho-
mogeneous and nonhomogeneous contributions! does not ex-
ceed the strength of radiative coupling between excitons and
light. Using available data, we concluded that the Fano reso-
nance could not be observed in InxGa12xAs/GaAs systems,
but would survive if inhomogeneous broadening could be
significantly reduced. Absorption spectrum of such a struc-
ture would demonstrate a narrow line with absorption though
increased at resonance, but still relatively weak. The weak-
ness of the absoprtion correlates with the fact that the inten-
sity of the field at this defect increases only slightly.
Another defect with interesting properties considered in
the paper is the b defect, which arises when one shifts the
position of one of the wells keeping coordinates of all others
intact. This corresponds to changes in the thicknesses of two
adjacent barriers. This defect produces two local modes with
frequencies close to the center of the gap. Respective trans-
mission resonances have regular symmetric Lorentzian
shapes but with rather narrow widths. The last circumstance
makes these defects also very vulnerable to the nonradiative
broadening, and they can only survive in systems with the
radiative decay rate greater than the non-radiative one. If,
however, this resonance is realized, one can obtain a narrow
absorption line with almost two orders of magnitude increase
in absorption at the resonance, or what is even more impor-
tant, 50-fold increase in the intensity of the electromagnetic
field at the defect QW ~for zero inhomogeneous but realistic
homogeneous broadenings!.
The most robust of the local polariton modes is produced
by the a defect. In this case the width of one of the barriers
is increased, while all other barriers remain the same. The
defect produced in this way resembles a regular microcavity,
but with optically active mirrors. This fact distinguishes the
system considered here from regular cavities with, for in-
stance, Bragg-distributed mirrors. Local states arising in this
case give rise to rather wide resonances in optical spectra,
which can survive strong enough nonradiative broadening
and can be observed in readily available InxGa12xAs/GaAs
samples.
The results obtained demonstrate that one has a great va-
riety of opportunities to tailor optical properties using defect
MQW’s. These systems can have a range of different appli-
cations. For example, the great sensitivity of the defect-
induced features of optical spectra to characteristics of the
system can be used for characterization of both host QW’s
and defect wells. This sensitivity also leads to possibilities to
tune the frequencies of local modes by means of application
of stress, electric or magnetic field, or other stimuli. Another
important feature with great potential for applications is the
increase of the field intensity in the vicinity of the defect
well. It can be utilized in order to enhance optical nonlinear-
ity of the system. It is also worth noting that the local modes
considered here can be useful as tunable sources of narrow
luminescent lines at the frequencies of the local modes.
FIG. 10. ~a! The dependence of the strength of the electric field
at the position of the a defect in InGaAs/GaAs structures ~from Fig.
9! at vT on the size of the system with ~dashed line! and without
~solid line! homogeneous broadening. The other defects did not
demonstrate resonance enhancement of the electric field and are not
shown here. ~b! The dependence of the strength of the electric field
at the position of the a, b, and V defects in GaAs/AlGaAs struc-
tures at vT on the size of the system is shown. Numerical values of
the exciton resonant frequency and the exciton-light coupling con-
stant were taken from Ref. 5. All results were obtained in the pres-
ence of experimentally observed5 homogeneous broadening. The
defect strengths are j5b/a51.5 for a and b defects, and (V1
2V0)/V050.9963 for the V defect. In the presence of the realistic
homogeneous broadening, all three types of the defects show the
resonance enhancement of the electric field.
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Besides opportunities for applications, the effects consid-
ered in the paper are interesting from the academic point of
view. The tunneling resonances associated with the local po-
laritons have a number of peculiarities compared to other
examples of resonance tunneling phenomena. For instance,
the Fano-like transmission produced by the V defect appears
here under new circumstances, specific for this particular
system. Another interesting feature of the local polaritons is
that the frequencies of transmission resonances are always
shifted with respect to the eigen frequencies of the modes
and depends upon the length of the system. Concluding, the
structures considered in the present paper demonstrate a
number of interesting optical effects and have a potential for
a variety of applications. We hope that this paper would
stimulate experimental observation and utilization of the pre-
dicted effects here.
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